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1.0 Introduction
In 1993 and 1994, mJ-R Task Groups and Working Parties addressed various aspects of
technical and operational constraints for the feeder links of Non-GSO /MSS networlcs which
have their service links in the 1-3 GHz spectrum and are co-primary with GSO/FSS. From
these studies, suggestions for operational and regulatory changes to the Radio Regulations
were made. These studies and recommendations were summarized in a consolidated report ,
CPM95/6 prepared in Dec. 94. Because of the compressed schedule between WARCs and the
complexity of these technical studies, some of these studies were considered preliminary and in
some areas further work was indicated. However, these Task Groups are not meeting in 1995
and it is up to the CPM and finally the WARC-95 itself to decide whether the studies are
sufficient to make recommendations for changes in the Radio Regulations. The CPM
concluded its work on April 5, 1995 (CPM951l18) and no consequential changes were made to
the draft technical and operational studies conducted earlier or to a list of suggested options of
changes to current regulatory /procedural aspects of the Radio Regulations. However, some
additional sharing studies were provided directly to the CPM and are considered in this review.

The following sections examine various elements of these studies with regard to their technical
completeness and conclusions. Of special concern to Motorola is the applicability of these
studies to the Iridium® system currently developing a world wide Non-GSO/MSS feeder link
network in the 20/30 GHz band and is planning to commence world wide MSS operation in
1998.

2.0 Network Characteristics

The general characteristic of networks for both Non-GSO/MSS feeder links and GSO/FSS
used in the various 20/30 GHz sharing studies can be categorized as below:

GSOLFSS
a-VSATs with earth terminal beam widths 1 degree or greater and narrow band data
operating with regenerative transponders
b- Wide band traffic links with earth terminal beam widths of about 0.1 degree

operating with transparent transponders

Non-GSQlMSS Feeder Links
a - All earth terminals have beam widths about 0.1 degree and track steerable satellite

spots.
b- Some satellites are regenerative transponders carrying moderate bandwidth data
c- Some satellites were transparent and carrying narrow band voice channels employing
either TDMA or COMA access techniques.
d-Some satellites are in low circular earth orbit (LEOs) and others in high (ICO)

Based on these diverse characteristics it is obviously going to be difficult to develop general
sharing conclusions or interference mitigation techniques. There are no ITU-R
recommendations on service objectives and/or interference budgets for GSO/FSS systems in
the 20/30 GHz band as well.
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3.0 In Line Interference Geometry's
The Non-GSO satellites are in motion relative to GSO satellites and the Non-GSO earth
tenninals are continually tracking their satellites. Therefore, the peak interference between the
two types of satellite systems are transitory and semi-random in occurrence. These interference
peaks occur when one of the geometry's described in Figures 1 to 4 should happen along with
co-frequency operation. The distance between the respective eanh tenninals is frequently used
as a parameter. All Non-GSO systems have circular orbits but the height ranges from about
800 kIn to 10,000 km. Most studies considered a full constellation of Non-GSO satellites with
one feeder link earth tenninal and one co-frequency GSO with a single earth terminal.
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DIAGRAMS OF INTERFERENCE CONDITIONS
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4.0 Service ObJective. /Servlce Quality/Interference Budgets
Historically the FSS had developed a set of service objectives and service quality that paralleled
the same objectives as mmlced wire line or point to point microwave. Long term Intra-service
interference budgets were developed between co-frequency GSO networks that would allow
efficient utilization of the arc and allow each network to meet its service objectives. These
budgets allowed the arc to be fully utilized with transparent transponders carrying trunking
traffic in the 6/4 and 14/12 GHz bands which ultimately accommodated wide band video as
well.

In 1994 TG 4/5 undertook studies of interference budgets for GSO/FSS links sharing the same
frequencies as Non-GSO/MSS feeder links. It was recognized that interference events between
these two types of networks were of a short term nature and new interference budgets would
have to be established. TG4-5/33 was a contribution from INTELSAT that assumed that all
future GSO systems would mostly be carrying digital traffic and the performance requirements
of Recommendation ITIJ-R(Doc. 4(277) were used as objectives. Allowable short term
budgets for interference from Non-GSO feeder links were derived based on link margins and
propagation statistics.

A subsequent contribution from INTELSAT (TG4-5/66) expanded the analysis to include
GSOs operating at 20/30 GHz. This contribution recognized the difficulty of meeting the
service objectives due to practicality of achieving sufficient link margins at these frequencies
where rain attenuation is severe. Never the less, by assuming the GSO would use site
diversity for its earth stations and be only located in moderately rainy climatic zones (E), a set
of shoo tenn criteria for interference from Non-GSO was derived based on a allocation where
degradation from Non-GSO was set at 10% of the outage time estimated due to atmospherics.
It was noted that the GSO could not meet these service objectives in more severe climates so
the budgets for interference from Non-GSOs could be increased in those regions.

These interference allowances for interference from Non-GSO/MSS in1Q GSO/FSS are
summarized in Table 1 (Table 8A CPM95/l18).

In 1994, TG 8/3 was solicited for short tenn interference criteria/service objectives for the
various proposed Non-GSO/MSS systems and could only provide the one criteria summarized
in Table 2 (CPM95/118 Table 8B) which was only applicable to the 4-8 GHz bands and is
more stringent than the criteria for interference established for GSOs. No technical rationale
was provided for this criteria.
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Iridium (LEO A in lTU-R Table of Characteristics), an Non-GSO/MSS network with 66
satellites and feeder links in the FSS 20/30 GHz band, has been in development for several
years now and has been endeavoring to develop a design that would maximize its service
objectives everywhere in the world. As previously noted, attmspherics can be a significant
limitation in many climatic zones of the world. In addition, LEO A feeder link stations must
operate to elevation angles as low as 5 degrees in the lower latitudes. Not only are
atmospherics a bigger problem at these low elevation angles but the potential for interference
into up links from FS is increased as well.

LEO A carries trunking type digital traffic consisting of telephony from its service links either
direct from the service links of a single satellite or relayed through its intersattelite links,
administrative data across the network, and telemetry data from the satellites. The service
quality requirement for these links is a BER of 10-7 or better. This system uses adaptive power
control for both range compensation and rain attenuation. Satellite prime power and other
technical limits require that the nominal margin for unexpected shon term interference events be
limited to about 3 dB. Therefore, an interference to noise ratio (lolNo) of about -1 dB is
threshold above which the system quality objectives would not be met

A budget for the allowable time allocated for external short tenn outages as a function of eanh
station site design and climatic location is still being developed along with detailed service
objectives and technical means to achieve those objectives. Because of the atmospheric
statistics in the 20/30 GHz band, using a criteria based on annual outage percentages as
proposed for GSO networks, may not be satisfactory to a user in cenain climatic zones.
Monthly maximum percentages may in fact be more appropriate.

However, Motorola proposes to examine the feasibility of sharing with GSO/FSS systems
with the following nominal criteria for short term interference from the GSO networks on the
assumption an annual availability of 99.8 % can be achieved for an average gateway earth
station. Therefore, if the interference outage is budgeted about 10% of the atmospheric, then:

I =.79Nt for .01 % of time on an annual basis cumulative per up and down
link

It should be noted that LEO A is a processing satellite with steerable spot beams and outages
could independently happen between the up and down links. Similarly, GSOs with spot beams
could also encounter independent outages.

Motorola does not suggest that this shon term Non-GSO criteria should be applied to other
Non-GSO/MSS feeder links at 20/30 GHz band. To date, all other proposed MSS systems
employ transparent transponders carrying mostly extensions of service link narrow band voice
and data over their feeder links. The availability of hand held earth terminals in the service links
is not high relative to what can be achieved on the feeder links with large tracking antennas so
probably the driver on the overall availability is the service links. Short term interference
budgets for these networks should be set accordingly.

Finally, any new system/service will have its service objectives ultimately detennined by the
market place. Services provided by such systems as Iridium will be tested in the market place
by customers who will set the final cost/service objectives for a successful new system.

Page 5



...i __.

5.0 Interference from Non-GSa networks Into GSa networks
5.1 Large GSO Earth Terminals(> 3.0 meter)
Intelyt (IG4-51IQ6.E) developed a computer simulation for studying the potential for
interference from Non-GSa MSS feeder links into a hypothetical KaBand GSa network. The
straw man GSa used in the simulation had its link margins set such that service objectives of
ITU-R S.1062 could be met in a moderate climate zone using site diversity. The Non-GSa
satellite characteristics were those of LEO A and the GSa used spot beanls and evaluated links
to earth tenninals ranging in size fonn 1.2 to 5.5 meters «< 1.0°). (LEO A has 3.0 meter
antennas)

It was concluded that the most severe event occurred in the down link to the GSa tenninals.
This is not surprising since, on the average, there is 30 dB additional range loss on the up link
to the GSa arc So it is unlikely a Non-GSa would interfere with a GSa satellite on the up link.
On the down link the ourqe time was greatest into the 1.2 meter station with the widest beam
width. These terminals suffers outages that are 25 times longer than the allowable budget.
Intelsat then concluded that sharing at KaBand is only feasible if the Non-GSa "ceases
transmissions or by carefully choosing the pointing of the earth station and Non-GSa satellite
antennas" Le. orbit avoidance.

This Intelsat analysis illustrates the complexity of accurately modeling the sharing problem
between Non-GSa and GSa networks particularly in frequency bands where large link
margins are required. It appears that the LEO EIRPs were assumed to be constant and set at the
values published for the fully faded case at near maximum range to the LEO earth station. LEO
A uses range compensation and automatic power control to compensate for rain attenuation. A
3 dB mnning margin is maintained at all times if possible for transient interference protection.

With the LEO A power control strategy as described above, a more realistic simulation would
have used the clear air down link power from LEO A consistent with the elevation angle of the
GSa earth tenninal. The probability that LEO A would be powered up to overcome a rain
event while crossing an in line interference geometry, is extremely low. Also, on the up link, if
LEO A powers up to overcome a rain cell, that cell probably blocks the increased power to the
GSa as well. The more realistic simulation is to assume LEO A interference powers are the
clear air levels adjusted for range to maintain a 3 dB running margin.

The geographic placement of the earth stations was at a latitude of roo north so that the
elevation angle to the earth stations was 100 to the GEO arc. It is not possible to deduce the
effect at lower elevation angles from this analysis. Additionally, "no satellite antenna
discrimination patterns were used". Probably, that means they only used 3 dB beam widths
which however. does not induce a big error for these narrow beam antennas.

With the assumptions used in this analysis sharing between Low Earth Orbiting Non-GSa
networks and GSa appears to be not feasible without "orbit avoidance" by the Non-GSa earth
stations. It is difficult to determine whether the conclusion would change if the more realistic
assumptions on power control were used at lower latitudes.

United Kingiom (TG+5186l also perfonned simulations of interference between Non-GSa
and GSa networks at Ka-Band. Earth stations located at different latitudes were considered
and for LEO A, the interference at both minimum EIRP and maximum were considered. As
with the Intelsat paper, the same short term interference criteria was used for digital links and
GSa link margins. It was concluded that there is acceptable levels of interference inuLthe GSa
network on the up link but not on the down link. In all cases the GSa network employed earth
terminals with beam widths about 0.10, site diversity and the link margins as proposed by
Intelsat.
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If a single satellite of the 66 constellation LEO A is considered, the short term interference
requirements of the GSa can be met. But the impact of all 66, which in fact would be operating
to a single earth station in sequential time, it becomes excessive on the down link into a GSa
earth tenninal. This contribution concludes "The results when eXtrapOlated for interference
from a constellation of Non-GSO satellites show that in the majority of the cases the small time
percentages of allowable interference to digital carriers will not be met.." Also, the criteria of
CII for TV selVice was also unacceptable.

Iable 9 Sectien 3.1.3 of CPM95/118 summarizes the results of these sharing studies and
largely based on the UK paper TG4-5/86. The entries on interference into GSa for 20/30 GHz
band generally tend to suppon the conclusions of the previous two studies just cited. No
problem from up link if from a LEO with characteristics like LEO A but excessive shon term
interference into the down link from a LEO.

5.2 VSAT GSO Earth Terminals

US CPM9Sll5A CDRAFD is a detailed study by Hughes Aircraft which considers the case of
LEO A Non-GSO sharing with a GSa (Spaceways) linked with a number of VSATS at
KaBand with both 1 and 3 degree beam widths. Simulations were run with co-located earth
terminals at US CONUS latitudes. Clear air power levels were assumed for both up and down
links.

A series of interference events and levels were run of the 66 constellation against a single GSa
satellite and an associated earth tenninal. The cumulative probability distribution is plotted of
the lIN into the GSa network receivers.

It is unclear what budget allocation should made for shoo term interference into the Hughes
GSa receivers as the link margins are not consistent with the model proposed in Table 1 for
transparent transponders and where GSO earth tenninal site diversity is not employed. This
GSO is a processing satellite with asymmetrical links. However, the probability distribution
plots indicate, as expected, that the down link into the GSO earth tenninals is the dominant
interference problem into the GSO network.

It is unclear on how to translate this data to a collection of co-frequency VSATs scattered
among the GSO spot beams or to the case when the GEO arc if fully loaded every 2 or 3 degree
with co-frequency GSO satellites.

CPM95fl5 was a contribution to the CPM from Canada which considered mutual interference
between ICOs LEO B (CDMA) and LEO F(1DMA) and Canada's Advanced Sateom which
plans to use narrow band USATs earth terminals about 20 em in diameter in the 29.5 - 30.0
GHz sub-band Neither up link or down link interference into the GSO earth tenninals was a
problem with LEO B due to the spreading of the COMA signal. LEO F had very short
interference events on the down link and very short but intense interference events on the up
link. It was concluded that all interference events inn2 the GSa network would be acceptable to
the GSO network.
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6.0 Interference from GSO networks iJl1g, Non-GSO networks
6.1 Large GSO Earth Terminals

UoitrA Kinadpm CTG+5186> appears to be the most definitive input on this scenario. For the
case of the MSS LEO A being the victim network, the up link interference is the most severe as
the GSO must overcome the 30 dB increased range loss. This study indicated that the short
tenn interference criteria of 70%Nt would be exceeded for 0.11 % of the year with up to 28
short term outages per day. It is unclear of what power programming strategy was attributed to
LEO A for this analysis. In their earlier paper (TO 4-5/69), their statistics for the same scenario
at the equator use clear air and full up link power from the LEO. This gave a 7.42% cumulative
probability distribution for the clear air and .069% if LEO A powered up to overcome
interi'erence. This data was not repeated in TG4-5186 so it is hard to deduce the true state of
affairs. However, these availability statistics are all much poorer by several orders of
magnitude than that required by Iridium.

The summary of sharing studies in Table 9 (CPM-95/118 Section 3.1.3) only shows the
availability statistics for the 14.8Nt level at .008% with a mean time between events of 3 hours
for this interference scenario. Motorola is unable to use this table to detennine the statistics for
a 79%Nt. However, in checking TG4-5186, it appears that the cumulative probability of outage
at 0.78Nt would exceed 0.1 %. Far in excess of the allowable short term allowance for LEO A
of .01%.

Since the GSO also has high gain earth terminal antennas, it appears that the down link pfds are
comparable and the excess interference into the narrow beam Non-GSO s occurs for only short
periods of time. Some form of preprogrammed power control on the part of the Non-GSO
could mitigate interference levels in this scenario.

6.2 VSAT GSO Earth Terminals

CPM95/25 proposed that LEO B could tolerate an up link C/I of no more than 0.3 dB for less
than 0.12% of the time. Their simulation indicated that the up link C/I was 25 dB less than this
limit and clearly mitigation techniques were required. Severe up link interference was also
noted with LEO F.

US CPM951l5A <DRAFD study indicated that the cumulative probability distribution for an
lIN greater than 79% into LEO A up link would be exceeded for greater than 0.5% of the time
and with events lasting up to 24 seconds. This would seriously degrade the service objectives
ofLEOA.

7.0 Interference Reduction Mechanisms
Section 3.1.5 Part C of the CPM95/118 discusses in a qualitative manner a number of
"principles" that could be employed to reduce interference levels and frequency of the in line
events. These principles are examined below for the LEO A system with its moderate data
rates, power programming strategy, and stringent service quality requirements for its feeder
links.

Adaptive Power Control

It is possible for LEO A to preprogram the up link and down link signal levels in anticipation of
an excess in line event into its network. However, when operating to an earth terminal at low
elevation angles this power control range is limited. If frequent power adjustments of the down
link were required, then prime power consumption could be a problem i. e. numerous co
frequency tenninals and a full GSO arc. The amount of power control required is reduced if
large geographic separation between earth terminals is practical.
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CJeo.mphic Isolation

If the GSO employs spot beams that do not have 100% frequency reuse, then some
interference reduction is possible with geographic separation. However, GSO spot beams at
these frequencies are at least several hundred miles across and therefore the geographic
separation might impose unreasonable constraints on either service. If multiple co-frequency
GSOs are spaced along the arc it is difficult to see how even this teChnique would be effective.
The Canadian study of VSATs sharing with ICOs indicated geographic isolation between co
frequency earth terminals of up to 1000 kIn might be required.

Use of Hi&h GaiD Antennas

The studies certainly indicate that the frequency of the iD line interfereDce eveDts is reduced if
both systems use high gaiD eanh station aDtennas (= O. 10 beam width). Unfortunately, it is
impractical to employ such large apertures on NOD-GSO/MSS spacecraft Clearly, Dumerous
VSATs with low gain antenDas cannot share as readily as GSO networks with a few high gain
eanh terminal anteDnas.

Path Diversity

• Satellite Diversity: It is suggested that it is "coDceptually " possible to switch to aD
alternative Non-GSO satellite to avoid an in line event if iDter satellite links are
employed. The LEO A system employs inter satellite links but visibility statistics of
the 66 satellite system at mid or lower latitudes preclude this possibility. SwitchiDg
back and forth between gateway stations is also impossible without large periods of
interrupted service as by necessity the satellite switches are not easily
reprogrammed from the earth and reestablishing connectioDs to the local PSTN
from another gateway thousands of miles away is not possible without further
outages. Other proposed Non-GSO constellatioDs are considering using satellite
diversity for their service links and might permit this type of mitigation.

• Site Diyersity: The Iridium system might employ site diversity to increase
availability iD some climatic zones. Site diversity spacing is restricted to about 50
kIn due to problems of differential delay at the moderate data rates combiDed with
atmospheric statistics. This would do DothiDg to alleviate the major interfereDce
eveDt of the GSO up IiDk into the spacecraft antenna side lobes as seen iD Figure 2
or dowD link into GSO as seen iD Figure 3.

8.0 Non-GSO/MSS Sharing with FS
It must be remembered, that an additional constraint on the Non-GSO/MSS and GSO networks
is the requiremeDt for sharing with FS on most sub-bands in the 20/30 GHz spectrum. Iridium
avoided placing its feeder links in the sub-band 29.5-30.0/19.7-20.2 as the band is allocated
for MSS, has no FS and therefore no down link pfd limits. Therefore, this band was
considered to be most likely exploited by GSO VSAT systems. On the other hand, the rest of
the sub bands have FS allocations on a co-primary basis. Motorola's initial assessment was,
that coordinatioD was possible with FS using the coordinatioD procedures ofAppeDdix 28 as
modified by Rec. 749 aDd 747 . CODventioDal FS uses narrow beam anteDDas and mode 2
propagation distaoees are short in the 20/30 GHz band Motorola participated in the 1994 US
Negotiated Rule Making relative to sharing with a Local Multipoint DistributioD Systems, a FS
Detwork consisting of omni broadcastiDg anteDnas and concluded sharing was possible with
certain constrains OD both services. It notes that the NRM concluded that sharing was not
possible with GSO VSAT systems. It is difficult to believe that an LEO A like system could
successfully coordinate with FS and VSAT type GSO Detworks even if all were on a co
primary status.
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9.0 Conclusions
Section 3.1.8 of CPM95/118 concludes that ,"by use of interference reduction
mechanisms, frequeuey sharing may be possible at 20/38 GHz in some cases"
It should be noted that this conclusion is based on simulations which used an interference
criteria for Non-GSO/MSS netWorks which is an order magnitude too relaxed for a system like
Iridium. However, it is generally true, that where practical interference reduction techniques
can be employed such as geographic separation and adaptive power control, that interference
imQ GSa networks may be kept to pennissible limits if there is only a single GSa satellite
within the field of view of the Non-GSa eanh station and its eanh tenninal antenna is narrow
beam. No simulations were performed with multiple GSa satellites within the field of view.

All studies show that the up link interference into a LEO or ICO is the dominant problem.
Recent experience in cootdinating between LEO A (Hibleo 2) and GSOs in Italy and Japan bear
this observation out Both countries use large aperture earth terminals and spots on their
spacecraft, but it is not possible to achieve geographic separation sufficient to protect the Non
GSO up link from unacceptable peak interference events. Both systems operate their uplink
earth stations at full power all of the time. And of course, for both these cases studied, there is
only~ co-frequency GSa satellite in the field of view of the Non-GSa earth station.

CPM95/118 goes on to conclude that, "in parts of the 20/30 GHz bands allocated to
botb FSS and MSS(i.e. RR 873B) wbere small (approximately 0.2 m diameter
antennas) and mobile earth stations are used by the GSO networks, sharing
between such networks and Non-GSO/MSS feeder links would place severe
constraints on the GSO networks for protection of the Non-GSO/MSS
networks" These conclusions are the result of sharing studies between rco MSS networks
and VSAT GSOs. There is reason to conclude the situation would be worse with a LEO due to
the increased range differential on the up link.

10 Proposed Recommendations for Further ITU-R Studies
To date, there has been negligible utilization of the 20/30 bands for GSa FSS with its 5.0 QHz
combined up and down link bandwidth available every few degrees of the arc. The sharing
studies conducted to date, show there is no possibility of co-frequency sharing between Non
GSO/MSS feeder links as planned by LEO A or LEO B and VSAT GSO/FSS networks.
Sharing may be possible with networks consisting of large aperture GSa terminals and Non
aSO/MSS feeder links if there is only a few co-frequency asos in the visible arc.

Clearly studies need to be performed on utilization of the 20/30 GHz spectrum by GSO/FSS
networks in order to develop recommendations on the most efficient utilization of these bands.
The studies from the lower bands cannot be simply eXtrapOlated because of the dramatic
increase in rain induced fades. Strategies for power programming to overcome these rain
induced fades is a crucial parameter in these studies particularly if VSAT networks are to be
sharing the arc most efficiently. It should be noted that frequency reuse within a network due to
polarization is also not practical in this band due to atmospheric affects.

In addition, further studies are required by Non-GSO/MSS feeder links in these bands
particularly on co-frequency operation. Since the current proposed Non-GSa networks are
quite different in network characteristics, it will be difficult to establish recommendations for
optimum use of the band. Initial studies of Non-GSOlNon-GSO feeder link sharing are quite
encouraging as long as the satellite employs steerable spot beams, the density of co-frequency
earth stations are low, and the earth stations have large apertures (= 3 m.). However, only LEO
A has proposed a short term interference allowance and an adaptive power progrannning
strategy to justify its allowance. Other Non-GSO/MSS feeder link proponents need to
contribute more mature network characteristics before these studies could be considered
defmitive.
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It is anticipated that all these studies would take several years to complete but several Non
GSO/MSS operators are in development today. CPM9S/118 contains two regulatory options
for consideration by WARC95 on how to accommodate sharing between GSO/FSS networks
and Non-GSO/MSS feeder links. The first option requires coordination on a co-primary basis
but as can been seen from current studies, it is questionable whether unreasonable constraints
are likely to be imposed on either type of networks in order to share a band. Motorola therefore
recommends the second option described in CPM95/118 as follows:

This option "identifies certain sub-bands in the 17.7-19.7 GHz and 27.5-29.5
GHz bands be used primarily by Non·GSO/MSS as it guarantees future access
to all FSS applications. This second option would entail the following:

• RR 2613 (S22.2) would be waived in those sub-bands identified for use primarily
by Non-GSO/MSS feeder link networks

• accommodations of existing GSO/FSS networks would be provided such that they
would continue to have equal status with respect to Non-GSO/MSS feeder link
networks in those specific sub-bands

• within these specific sub-bands, future GSO/FSS networks would not cause
hannful interference to, or receive protection from, Non-GSO/MSS feeder link
networks.

It is further believed, that the sub-band 29.0-29.5/19.2-19.7 should be designated for Non
GSO/MSS feeder links as it is unlikely to be suitabie for GSO VSATS and has the fewest
GSO/FSS incumbents to date. So far, four systems have been advanced published for MSS
feeder links in the 20/30 GHz bands including one GSO/MSS system. It could well be that a
full 500 MHz up and down could be required to accommodate just these initial systems. There
are a number of Non-GSO/MSS networks seeking~ allocations for their feeder links at
lower frequencies. Some of these networks could end up in the 20/30 GHz band as well.

As can be seen, the ITIJ-R technical and regulatory processes are being sorely tested due to the
rapid evolution of communication systems exploiting a limited resource called "frequency
spectrum".
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